ABSTRACT. Nine isolates of rabbit hemorrhagic disease virus (RHDV) were used for the genetic characterization of RHDV strains collected from rabbits in Korea between 2006 and 2008. A phylogenetic analysis of the complete VP60 region was performed and the sequences were divided mainly into two groups. The one group consisted of original RHDV and the other contained antigenic variant strain known as RHDVa strains. Most of the Korean isolates clustered with Chinese RHDV strains and belonged to the RHDVa subtype. A comparison of the amino acid sequences among RHDVa strains and original RHDV strains revealed significant substitutions of two amino acids in the A region, two in the B region, two in the F region, and nine amino acids in the E region. Taken together, the recent RHDVa strains have gradually replaced the original RHDV and are the predominant strains in Korea.
Rabbit hemorrhagic disease virus (RHDV) is an icosahedral, non-enveloped, positive-sense, single-stranded RNA virus within the genus Lagovirus, family Caliciviridae [13, 17] . The viral genome is composed of approximately 7.4 kb and a subgenomic RNA of approximately 2.2 kb, which codes for VP60 [14] . The RHDV capsid consists of a shell (S) domain formed by the N-terminal portion and a protrusion (P) domain formed by the C-terminal portion. The P domain can be subdivided into P1 and P2 subdomains. Six distinct regions (A to F) can be distinguished in the protein; regions C and E are located in the exposed P2 subdomain and display the greatest genetic variation [16] . RHDV is highly contagious to both wild and domestic rabbits. Characteristic pathological lesions are found in the liver, trachea, and lungs of infected rabbits and the animals die within 12 to 72 hr due to severe hepatitis and hemorrhages [5, 6] .
Rabbit hemorrhagic disease (RHD) was first reported in China in 1984 [10] and rapidly became endemic in most parts of the world. Other viruses in this group include the European brown hare syndrome virus (EBHSV), a highly pathogenic virus of hares, and rabbit calicivirus (RCV). RCV is a nonpathogenic variant reported in Italy that might be protective against the pathogenic virus [2] . Pathogenic but antigenic variant strains, named RHDVa, were also reported in Germany, Italy, France, and the United States [3, 9, 12, 18] . The RHDVa strains are characterized by molecular and antigenic differences with respect to the previous RHDV strains.
RHDV was reported in Korea in 1985 following the importation of rabbit fur from China [1] , but RHD has not been reported in Korea since its first occurrence. While a few studies have been performed on the basis of gene sequences, the molecular epidemiology of RHDV has not been well characterized. The aim of this study was to identify the strains circulating in Korea and determine whether the Korean isolates are related to the RHDVa subtype reported previously [9, 12] .
Twenty-four samples of rabbit liver, spleen, and lung were collected over a period of 36 months from dead rabbits in several provinces of Korea. The nine RHDV-suspected samples were confirmed using RT-PCR. The total viral RNA was extracted from samples of liver, lung, and spleen using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. RT-PCR was performed in a one-tube system using previously described primers to amplify a 1740-bp region of the genome encoding the capsid protein VP60: RHDV VP60F, 5'-ATG-GAGGGCAAAGCCCGCACAGCG-3' (nt 5305-5328) and RHDV VP60R, 5'-AATTCAGACATAAGAAAAGC-CATTG-3' (nt 7025-7047) [4] . The amplified gene was purified using an agarose gel DNA extraction kit (INtRON, Seongnam, Korea) and further cloned into PGEM-T vector (Promega, Madison, WI, U.S.A.) according to the manufacturer's instructions. Automated nucleotide sequencing of the VP60 gene insert was performed using an ABI 3130XL genetic analyzer with the BigDye ® Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA, U.S.A.). The nucleotides at all positions were confirmed by three or more independent sequencing reactions in both directions. The published RHDV sequences were retrieved from GenBank for phylogenetic analyses ( Table 1) .
The complete VP60 sequence of nine isolates were aligned with 25 reported RHDV sequences obtained from GenBank using Bioedit software (Ibis Biosciences, Carlsbad, CA, U.S.A.). The tree was rooted with RCV as an out- "-" indicates no GenBank accession number or no isolated year. Fig. 1 . Phylogenetic analysis of VP60 nucleotide sequences of diverse isolates. The nucleotide sequences of 34 RHDV isolates were aligned using the Bioedit program and Mega 3 software. One thousand bootstrap replicates were subjected to nucleotide sequence distance and neighbor-joining methods, and the consensus phylogenetic tree is shown. All bootstrap values are displayed above the tree branches and only bootstrap values >70% are shown. Table 1. group. A phylogenetic analysis based on the complete VP60 sequence was conducted using the Bioedit software and Molecular Evolutionary Genetics Analysis (MEGA) 3.1 software with bootstrap values calculated from 1000 replicates [7] . The phylogenetic algorithm used for the building of the tree was Neighbor-joining method. RHDV strains can be divided into two major clusters, the original RHDV subtypes and the RHDVa subtypes. The clustering is demonstrated clearly in the phylogenetic tree illustrated in Fig. 1 . The alignment indicated that the 06Q24-1 strain clustered with the original RHDV group, whereas the remaining eight isolates clustered with the RHDVa group. With the exception of the 06Q24-1 strain, which was 10.3% divergent from the other Korean isolates, the new isolates exhibited a maximum nucleotide difference of 5.9%, indicating only limited variation among most of the Korean isolates analyzed. The new isolates also showed a maximum difference of 9.7% compared to previous Korean isolates. These data are in agreement with the genetic diversity reported previously [8, 9, 11] . Among the eight isolates in the RHDVa group, seven clustered together on a separate branch within the RHDVa group, whereas the 06Q48-2 strain clustered with NY-01 and whn/China/01/2005. This result revealed that recent RHDVa strains are predominant in Korea and are circulating in rabbit populations, although the original RHDV and RHDVa strains were isolated together in 2006.
The deduced amino acid sequences of the complete VP60 gene of original RHDV and RHDVa subtype strains were aligned using Bioedit software according to the nomenclature of Neil (1992) . Amino acid changes were found clustered between residues 1 and 20 (region A), 200 and 220 (region B), 340 and 440 (region E), and 470 and 490 (region F) (Fig. 2) . The substitutions were found at two positions of region A (amino acid residues 7 and 20), two sites of region B (residues 207 and 219), and two sites of region F (residues 476 and 480). The highest variability within the complete VP60 was observed between amino acids 340 and 440 according to previous reports [3, 18] . Nine distinct amino acid substitutions were found within this antigenic epitope between the original RHDV and RHDVa subtypes in multiple sequence alignments of 34 RHDV isolates.
The clustering into several genogroups is correlated more with the year of isolation than the geographic location [8, 9, 15] . Both the original RHDV and RHDVa strains were identified together in 2006, while only RHDVa strains were identified in 2007 and 2008. From these results, pinpointing where RHDVa originated from, or determining why RHDVa replaced original RHDV in Korea, is impossible. However, RHDVa has rapidly replaced the RHDV strains and is the predominant type in almost all parts of Korea.
RHD was first detected in the 1980s, but its origins are not completely understood. RHDV is currently spreading throughout Europe, the United States, and Asia, despite the implementation of an effective vaccine. In Korea, the first case was diagnosed in 1985. Due to a rapid measures and a vaccination program, the number of outbreaks decreased rapidly, but RHDV still occurs occasionally in Korea.
RHD is an extremely contagious and often fatal viral disease of domestic and wild rabbits [4, 19] . The highest morbidity and mortality rates have been observed in adult rabbits from naïve populations. Young rabbits less than 8 weeks old are less likely to become ill or die [20] . In most rabbit farms, RHDV-infected rabbits have developed a fever and died suddenly within 2 days. High morbidity and mortality were also observed in adult rabbits, but young rabbits have exhibited lower death rates in Korea.
Most of the Korean isolates belong to the RHDVa subtype, but how or when the strains were introduced to Korea is not clear. Continuous monitoring and molecular analysis of the RHDV strains present in Korea should be performed. Moreover, both new and established vaccines should be evaluated through challenging with RHDVa.
